, the events of the latter half prophase until metaphase I regardless of whether they of meiotic prophase are still poorly understood. During undergo exchange, suggesting that homologous recthis crucial period, the chromosomes are tightly conognition can lead to segregation even in the absence densed in a compact arrangement called the karyosome of chiasmata. However, partner chromosomes lacking (King, 1970) and cannot be distinguished from each homology do not pair prior to disjunction. Furthermore, other in the light microscope. euchromatic synapsis is not maintained throughout
such pairings. An alternative model, which explains the faithful segregation of such pairs of nonhomologous chromosomes in the absence of pairing, is considered in the Discussion. These findings provide strong evidence that homologous and heterologous achiasmate segregation occur by different mechanisms.
Results

Simultaneous Labeling of Different Chromosomes within Intact Egg Chambers
Examination of interactions between and among the four pairs of chromosomes in the oocyte required chromosome-specific probes. Hawley et al. (1992) showed that within the homologous achiasmate segregation system partners are chosen based on homology in their heterochromatic regions and that euchromatic homology makes no contribution to partner choice. We therefore particularly wished to examine pairing between heterochromatic regions on different chromosomes.
We chose satellite sequences that are restricted to one or two chromosomes (Wu et al., 1988 ; Abad et al., 1992; Lohe et al., 1993; Makunin et al., 1995) and confirmed their specificity by hybridization to spread mitotic chromosomes. As probes, we used synthetic oligonucleotides, polymerase chain reaction (PCR) products, and cloned sequences, as described in Experimental Procedures. Using combinations of different labels, up to three probes plus the DNA dye diamidophenylindole (DAPI) could be detected in the same specimen. Figure 1A shows the Drosophila female karyotype marked with the positions of the probes employed in this study. Figure 2B shows mitotic chromosomes hybridized with three probes used for analysis of homologous chromosome segregation.
Analysis of Nonhomologous Chromosome Disjunction
Homology between two achiasmate chromosomes is logically (see Figure 2A) .
As a probe for C(1)RM, we used the 359 bp repeat, which is located proximally on both arms of the comHomologous Pairing Occurs between the pound chromosome ( Figure 2B ). For C(2)EN, we used a Achiasmate 4th Chromosomes recently discovered satellite sequence, AACAC, which Because they are obligately achiasmate, the 4th chrolocalizes exclusively to a block of heterochromatin on mosomes always segregate by the distributive pathway. the right arm of chromosome 2 (I. Zhimulev, personal We examined pairing between the 4th chromosomes in communication; Makunin et al., 1995) . Hybridization to wild-type females from vitellogenic stage 2 up to metamitotic chromosome preparations demonstrated that phase I; i.e., during all stages of prophase I during which this satellite is also restricted to the pericentric heterothe oocyte can be recognized. As a probe, we used the chromatin of C(2)EN (data not shown).
repeated sequence AATAT (Figure 1) . A single strong Analysis of egg chambers from C(1)RM; C(2)EN fehybridization signal resulted from hybridization with this males from just after pachytene to metaphase I showed 4th chromosome probe during this latter part of prothat the centromeric regions of these two compound phase, indicating that the two homologs are associated. chromosomes do not associate (Figure 2) can associate in a centromere-to-telomere fashion and structurally dissimilar homologs segregate by the same that FM7 can also loop so that its centric and distal homology-based system used by the 4th chromosomes regions are close together or associated. and thus might also undergo heterochromatic recogniTo determine whether the association of the large tion and pairing. To investigate this idea, we examined heterochromatic blocks on X and FM7 is based on hoprophase oocytes carrying a normal X chromosome and mologous recognition, or whether the blocks simply cothe X chromosome balancer FM7 (Merriam, 1968) . We localize owing to a tendency to occupy the same region used two probes to sequences normally located in the of the nucleus ( 1980). However, this did not prove to be a universal least one chromosome at a marked distance from the others. feature of karyosome organization, since in a minority of examples (5 of 17) we did see the distal heterochromaDespite frequent observation of more than one heterochromatic region in the karyosome, the X and 4th chrotin of paired FM7 chromosomes in close proximity with centric heterochromatic blocks from other chromomosomes were almost always found together. Greater than 98% of the oocytes we examined showed very somes ( Figure 5D ). This indicates a degree of flexibility in the organization of the oocyte nucleus.
close localization of the 359 bp repeats on the X chromosome and the AATAT satellite, which marks the 4th chromosome. Even in the 4 of 259 oocytes described above Persistent Associations between the Centromeric Regions of the X in which the 4th chromosomes were not themselves paired, at least one of them was associated with the X and 4th Chromosomes We wished to investigate the associations among the chromosomes in every case, and in two cases both were seen associated with paired X chromosomes. Pairwise centric regions of the four chromosomes in wild-type oocytes. We observed that centric heterochromatin analysis of interactions between the other chromosomes indicates that this X-4 association is quite spetends to lie somewhat clustered on one side of the karyosome ( Figure 3A) . As suggested by Carpenter (1975), cific ( Table 1) . The association between the X and 4th chromosomes this polarity could reflect a Rabl conformation preserved since the previous mitosis. However, this polarity is frepersists after homologous centromeres separate. At metaphase, the separated 4th chromosomes remain quently violated: in many oocyte nuclei we observed a "split" chromocenter ( Figure 3B ), also commonly obparticularly close to the X heterochromatin. When nonexchange X chromosomes are present, they tend to served by Carpenter, with the heterochromatin of at leave the metaphase plate precociously, and we have Axs and ald alter the fidelity of achiasmate homologous segregations such that, in a high fraction of cases, a observed the 4th chromosomes to remain associated, pair of nondisjoining X chromosomes in these oocytes one with each X, as if they were riding piggyback on will segregate away from the two 4th chromosomes, the larger X chromosomes. Despite the subtle differences detected between wildmay, in fact, undergo a modified diplotene-diakinesis in which homologous chromosomes separate except at type and Axs D oocytes, our finding that heterochromatic pairing is normal or nearly so in each of these meiotic their heterochromatic regions and where held together by chiasmata. mutants implies that, while pairing may be a component of the mechanism of homologous segregation, it is not sufficient to guarantee proper disjunction of nonexDiscussion change homologs.
We have shown that in at least two cases of homologous segregation the pairing of nonexchange chromosomes Euchromatic Regions Do Not Remain Synapsed throughout Prophase precedes their disjunction. Two of our results indicate that these associations are based on specific homoloOur observation that homologous heterochromatic regions remain associated until metaphase is consistent gous recognition. First, nonexchange X chromosomes are universally paired, and 4th chromosomes are paired with the prevailing view of prophase I in female Drosophila: that it lacks the diplotene and diakinesis stages of in greater than 98% of oocytes we examined. In contrast, pairwise associations between the heterochromatin of meiosis common to other organisms (Theurkauf and Hawley, 1992) . During these stages, homologous chrononhomologous chromosomes are much less frequent (with the exception of X and 4, as discussed below). mosomes normally separate from each other except where linked by chiasmata, but, as we have described, Second, the position within the nucleus of the distal block of heterochromatin on the inverted FM7 chromohomologous chromosomes in the Drosophila oocyte remain paired in their heterochromatic regions. However, some is dependent on the position of the corresponding block of heterochromatin on the homologous X chromoa euchromatic probe to the histone locus did not behave as expected. Starting from the earliest vitellogenic some. In X/FM7 oocytes, the distal heterochromatin of the FM7 chromosome is always paired with the proxistages (at the end of or after pachytene), two separate signals for this probe were frequently detected in the mally located heterochromatin on the normal sequence SC that is structurally distinct from the euchromatic form (Carpenter, 1975 Figures 5A-5C , the 4th chromosomes tend to remain associated with the small centric block of X heterochromatin rather than the large telomeric block of the inverted X chromosomes.) This X-4 association may have evolved to enhance the fidelity of 4th chromosome segregation. Indeed, when 4th chromosomes are found unpaired (which occurs far more frequently than their nondisjunction), they are usually found associated with paired X chromosomes. Since the oocyte arrests at metaphase with homologous centromeres separated (as seen in Figure 3C ), this association could provide a means to keep the 4th chromosomes on the metaphase plate and thereby prevent their loss, particularly under conditions where the arrest is prolonged.
X-4 associations may also explain one of the most perplexing observations about achiasmate segregation: small heterochromatic duplications of the X chromosome can interfere with segregation of either the 4th chromosomes or nonexchange X chromosomes (Grell, 1976; Hawley et al., 1992) . Their effect on segregation limit for X duplications that can induce 4th nondisjunction corresponds precisely to the lower size limit for those that can induce X nondisjunction.
and Novitski, 1956) , is supported by the observation that the movement of achiasmate chromosomes toward the poles of the meiosis I spindle occurs precociously, while The Mechanism of Heterologous Segregation When there are only two achiasmate chromosomes in chromosomes that have undergone exchange remain at the metaphase plate. This timing of events allows the oocyte, they will virtually always segregate from each other (Grell, 1976) . Our investigation reveals that the nonexchange chromosomes to interact with the spindle and assort themselves without interference from the segregation of nonhomologous chromosomes is not presaged by centromeric alignment. Rather, we propose exchange chromosomes. Given the narrowness of the meiotic spindle relative to the width of a chromosome that the segregation of heterologous chromosomes is mediated solely by a mechanism in which each chromo- (Theurkauf and Hawley, 1992) , the physical basis for their assortment could simply be that kinetochore microsome, acting as a univalent, orients toward the least crowded pole.
tubules are more likely to reach a spindle pole if there is not already another chromosome on that half of the This hypothesis, known as the "crowded spindlepole" model (Hawley and Theurkauf, 1993) out for 1-4 hr at 37ЊC. Labeled DNA was recovered by addition of (detailed below) were used for the preparation of whole-mount egg 40 g of glycogen (molecular biology grade; Boehringer Mannheim) chambers. Morphological preservation was subtly better with the followed by EtOH precipitation. Probes were dissolved in TE (10 mM latter two protocols, but they require either larger fixative volumes Tris-HCl [pH 7.5], 1 mM EDTA) and used without further purification. or more labor, respectively. Our results were not affected by the They were stored at Ϫ20ЊC and showed no decrease in efficacy choice of procedure, except that some activation of stage 14 ooover several months and many freeze-thaw cycles. cytes was seen with the first procedure, as assayed by the separation of the 4th chromosomes from the metaphase plate.
Mitotic Chromosome Preparation and Hybridization In the first procedure, when the number of flies was not limiting, Brains were dissected from climbing third instar larvae and egg chambers were isolated and fixed by the mass preparative squashed in 45% acetic acid according to published protocols (Ashprocedure of Theurkauf and Hawley (1992). Two modifications were burner, 1989). In situ hybridization was performed essentially as described for polytene chromosomes (Pardue, 1986 ). made to their procedure to improve probe penetration: the fixative
Hybridization to Whole-Mount Egg Chambers
